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Vibrational energy relaxation of the NH-, OH-, and OD-stretching modes in hydrogen-bonded liquids has been investigated by means of infrared pump-probe spectroscopy. The relaxation rates have been determined both in neat liquids and in isotopic mixtures with systematically varied isotope fractions. In all liquids, the vibrational relaxation rate increases as the isotope fraction is increased and reaches a maximum in the neat liquid. The dependence of the relaxation rate on the isotope fraction suggests a relaxation channel in which the vibrational energy is partitioned between accepting modes of two neighboring molecules. DOI For many processes taking place in liquids, vibrational energy relaxation is an essential dissipation channel. Consequently, the development of techniques capable of resolving this relaxation in time has motivated extensive subsequent studies [1, 2] . These studies have generally focused on molecules in solution and on dilute isotopic mixtures. Here, we show that vibrational relaxation in neat hydrogen-bonded liquids occurs significantly faster than in such dilute isotopic mixtures. We find evidence that in neat liquids, the relaxation involves a cooperative mechanism that becomes possible only at the high concentrations characteristic of these systems.
We investigate the vibrational relaxation of the NH-, OH-and OD-stretch modes in a number of common hydrogen-bonded liquids: N-methylacetamide (CH 3 -CO-NH-CH 3 , NMA), ethanol, and methanol. By measuring the relaxation rates in mixtures of these molecules with their N-or O-deuterated isotopomers, we can continuously vary from isotopically dilute to neat liquid without changing the liquid structure. Vibrational relaxation is investigated using a pump-probe setup in which the stretching modes are resonantly excited using an intense infrared pump pulse and the subsequent population changes observed with a delayed probing pulse. The pump and probe pulses (duration 160 fs, energies 3 and 0:1 J, respectively, polarizations at the magic angle) are focused (focal diameter $200 m) and overlapped in the sample, and transient-absorption changes are measured by frequency-dispersed detection of the probe and a reference pulse. The sample thickness is adjusted to keep the samples sufficiently transparent (ranging from 4 to 50 m). All samples are at 295 K, except for NMA which is held at 308 K.
The absorption spectra of the neat liquids are very similar to those of the isotopically diluted liquids, as can be seen for NMA in Fig. 1(a) . Changing x (the molar fraction of nondeuterated NMA) from 0.1 to 1 (neat liquid) results in a blueshift of the NH-stretch band of 10 cm À1 , much less than its width of $100 cm À1 . For the other liquids studied, the shifts are similar or smaller [3] .
In contrast to the frequency, the vibrational relaxation is found to change strongly with x. Figures 1(b) and 1(c) show the absorption change upon resonant excitation of the NH-stretch mode of NMA/NMA-d 1 mixtures with x ¼ 0:1 and x ¼ 1 for several delays with respect to the excitation pulse. At short delays, the transient-absorption change is negative at the v NH ¼ 0 ! 1 transition frequency due to bleaching of v NH ¼ 0 ! 1 transition and 1 ! 0 stimulated emission and positive at lower frequencies due to v NH ¼ 1 ! 2 excited-state absorption. Within less than a picosecond, vibrational relaxation causes these features to vanish. At longer delay times, a residual signal is observed, which is due to the increase in temperature that occurs after vibrational relaxation. From the focal size and pulse energy, we calculate temperature increases of 1.3 and 0.1 K for x ¼ 1 and x ¼ 0:1, respectively. These estimates are confirmed by comparison of the residual Á spectrum with a temperature-difference spectrum of the sample [3] .
The decay of the NH-stretch transient-absorption change at 3300 cm À1 is shown for x ¼ 0:1, 0.2, and 1 in Fig. 2 (a). We find that vibrational relaxation occurs much faster in neat than in isotopically diluted NMA. The same is observed for the OH-stretch modes of EtOH and MeOH and for the OD-stretch mode of EtOD (in EtOD=EtOH mixtures) [3] . In all cases, vibrational relaxation takes place much faster in the neat liquid than in the corresponding dilute isotopic mixtures.
In all liquids, the decay due to the vibrational relaxation is followed by a slower decay caused by thermalization [see inset of Fig. 2(a) ]. This is because the energy of the stretching mode is not immediately thermalized after vibrational relaxation but is first redistributed over one or more accepting modes [4] . To derive accurate values for the vibrational relaxation rates from the experimental data, we account for the effect of thermalization in the data analysis. The pump-probe response is then given by [4] 
where N 1 ð0Þ is the initial fraction of excited-state molecules at t ¼ 0, k ¼ 1=T 1 is the vibrational relaxation rate, k Ã is the thermalization rate, 12 ð!Þ À 2 01 ð!Þ is the pure pump-probe spectrum, Á 0 01 ð!Þ is the steady-state temperature-difference spectrum, and Á Ã 01 ð!Þ is the difference spectrum between the ground state and intermediate state [4] . In order to determine k and k Ã as accurately as possible, they are treated as global parameters in the leastsquares fit to the observed Áð!; tÞ. To avoid the coherentcoupling contribution to the pump probe, we fit the data only for delays !0:24 ps. After fitting the model to the experimental data, the thermal contribution can be subtracted from the raw data and the excited-state decay contribution to the signal can be obtained [ Fig. 2(d) ]. The vibrational relaxation rates can still be accurately determined even when the thermal residual signal is large, as it is for MeOH [Figs. 2(b) and 2(c)], because the time scales of the vibrational relaxation and the subsequent thermalization differ by more than an order of magnitude (for MeOH, k ¼ 2:0 ps À1 and k Ã ¼ 0:15 ps À1 ). In all liquids, the v ¼ 1 ! 2 induced-absorption signals exhibit the same dynamics as the v ¼ 0 ! 1 bleaching signals [3] .
By least-squares fitting Eq. (1) to the experimental data (see supporting material and Figs. 1 and 2) , we obtain the relaxation rates of all mixtures and neat liquids. The result is shown in Fig. 3 . In all cases, vibrational relaxation occurs significantly faster in the neat liquid than in the isotopically dilute mixtures, with a similar functional dependence on x. In the following, we show that our data suggest the existence of a cooperative relaxation channel in neat liquids, in which the vibrational energy is distributed over intramolecular accepting modes of two neighboring molecules. Several other mechanisms to explain the x dependence of the vibrational relaxation can first be ruled out:
(1) Feedback effect.-In neat liquids, relaxation of highfrequency modes can lead to significant excitation of low- 227401-2 frequency modes. This can, in turn, influence the relaxation rate of the remaining fraction of vibrationally excited molecules. To verify that this feedback effect [5] is not responsible for the observed increase in relaxation rate with x, we measured the relaxation at higher temperature, where low-frequency modes are more populated. We find that at higher temperatures, the vibrational relaxation becomes slower [3] . Hence a feedback effect, if present, should lead to a slowing down of the vibrational relaxation with increasing x.
(2) Hopping of the excitation to an energy sink or delocalization of the excitation.-Because of inhomogeneity of the liquid, there might be particular XH groups (X ¼ N; O) for which relaxation occurs very efficiently. By resonant transfer of the vibrational excitation [6] between XH groups, the vibrational excitation might be transferred to an oscillator for which the relaxation is fast, leading to an effectively faster decay (this would require that the averaging out of the T 1 inhomogeneity due to dynamic structural rearrangements in the liquid occurs slower than T 1 itself, since otherwise the additional averaging out due to hopping of the excitation would have no effect). The delocalization of the XH-stretch excitation [7] could result in a similar effect. It can be shown that delocalization of the XH-stretch mode leads to a relaxation rate that is the average of the local relaxation rates [8] , so if there would exist a wide distribution of local relaxation rates, the increased delocalization at high x might lead to a speeding up of the relaxation. However, for the effective rate to increase with x by either mechanism, the distribution of relaxation rates should span at least the difference between the observed limiting rates for high and low x. As a consequence, in the measurements at low x, where no hopping or delocalization can occur, so that the observed decay is a sum over the distribution of relaxation rates, a strongly nonexponential decay should be observed. Since this is not the case, neither hopping nor delocalization can account for our observations.
(3) Change in low-frequency spectrum.-The vibrational relaxation might involve low-frequency intermolecular modes to compensate for a possible energy mismatch between the initially excited and the intramolecular accepting modes. If changing x would influence the frequencies of these intermolecular modes, this might change the effectiveness with which they compensate for the energy mismatch, thus changing the relaxation rate (note that since we always excite the same isotopomer, the frequencies of the intramolecular accepting modes do not change with x). However, the low-frequency spectrum of the liquids investigated here hardly changes upon N or O deuteration. The hydrogen-bond stretching frequencies of liquid MeOH and MeOD are 280 and 262 cm À1 , respectively [9] . In the vitreous phase, the OH-libration frequency of MeOH changes from 730 cm À1 to 708 cm À1 in going from neat CD 3 OH to dilute CD 3 OH : CD 3 OD (the values in liquid isotopic mixtures have not been reported) [10] . For NMA, the effect of deuteration on the low-frequency modes has not been investigated, but for the similar compound formamide the hydrogen-bond related lowfrequency bands change from 190 to 182 cm À1 and from 99.8 to 94:7 cm À1 upon deuteration [11] . To estimate the effect of these shifts on the above-mentioned energy mismatch, they should be compared to the convolution of the XH-stretch and low-frequency bands. One finds that for NMA and the alcohols the shifts are 4%-6% of the width of this convolution. The change in the low-frequency spectrum therefore cannot explain the observed increase in relaxation rate in the neat liquid as compared to the isotopic mixtures.
Based on the observed dependence of T 1 on the isotope fraction, we propose that the enhanced relaxation involves an additional relaxation channel in which the XH-stretch vibrational energy is redistributed over intramolecular accepting modes in two neighboring XH-isotopomer molecules (or XD isotopomers when the XD-stretching mode is excited), one of them being the initially excited molecule. Using some simplifying assumptions, we can predict the dependence on x that the rate of such a bimolecular relaxation channel should have. The liquids studied here are known to form hydrogen-bonded chains [12, 13] , and the interaction between an excited XH group and its nearest neighbors will be stronger than that with the other molecules in the liquid. We therefore assume that the bimolecular relaxation occurs only for pairs of molecules that are neighbors in a hydrogen-bonded chain. For a given excited XH-stretching mode, the probability that at least one of its neighbors in the chain is also an XH group is 2x À x 2 . Because of fast delocalization of the XH-stretch excitation [7] , the effective rate of bimolecular relaxation will thus be proportional to 2x À x 2 [8] . Assuming that the intramolecular rate k 0 changes negligibly with x, the total relaxation rate becomes k ¼ k 0 þ k 1 ð2x À x 2 Þ: (2) We find that this equation describes the experimental data well for all four liquids, see Fig. 3 . The ratio k 1 =k 0 ranges from 0.3 (EtOD) to 0.7 (EtOH and MeOH), which implies a significant contribution of the additional relaxation channel to the overall vibrational relaxation in neat liquids.
The efficiency of the proposed bimolecular relaxation mechanism depends on the anharmonic interaction between intramolecular modes in neighboring molecules and on the availability of suitable accepting modes within the molecules. Since the intramolecular accepting modes available in two neighboring molecules of the same isotopic species are identical, the energy mismatches for an intramolecular and a bimolecular relaxation channel that involve the same type of accepting modes (but located in the same and in two neighboring molecules, respectively) are comparable. The energy mismatch of the bimolecular channel differs from that of the intramolecular channel by an amount equal to the anharmonic shift of the accepting mode, which is small compared to the linewidth of the stretching mode. Hence the fact that comparable efficiencies are observed for the two relaxation channels suggests that the anharmonic interactions that couple the excited and accepting modes should be of comparable magnitude for the two relaxation channels; that is, the intermolecular anharmonic potential-energy terms of type Q A;stretch Q A;accept Q B;accept (with Q normal-mode coordinates and A, B indicating different molecules) should be comparable to the intramolecular anharmonic terms of type Q A;stretch Q 2 A;accept . Such high intermolecular anharmonicities might arise from the strong intermolecular interactions in hydrogen-bonded liquids, as seems to be confirmed by the observation that in neat liquid CHBr 3 and CDBr 3 , the CH-and CD-stretch relaxation rates are the same as in a 1:1 isotopic mixture [14] . It cannot be determined from our data which specific intramolecular accepting modes are involved in the proposed bimolecular relaxation mechanism. In MeOH, an important relaxation channel of the OH-stretch mode is energy transfer to the OH-bending overtone [15, 16] , which suggests that a potential bimolecular relaxation channel could be the transfer of one stretching-mode quantum to two bending-mode quanta in neighboring molecules.
Although the type of experiment reported here cannot be done on water (because of fast 2HDO Ð H 2 O þ D 2 O exchange), it is tempting to speculate whether a similar mechanism might play a role in this liquid, too. In fact, a bimolecular relaxation mechanism for the OH-stretch relaxation in H 2 O has been suggested as an explanation for the fact that no population of the v ¼ 2 state of the H 2 O-bending mode is observed upon OH-stretch relaxation [17] . It was thus proposed that energy transfer to the bending-mode fundamentals of two neighboring H 2 O molecules is the dominant relaxation channel, which would make water a special case with k 1 ) k 0 . It should be noted, however, that comparable experiments by Ashihara et al. [18] are at odds with such a scenario.
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